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Abstract

Seismic isolation is a design strategy adopted for the protection of both new and existing
structures, based on the assumption that it is possible to uncouple a structure from the ground
and thereby protect it from the damaging effects of earthquakes. The most common isolators
are the elastomeric ones, which consist of alternating rubber layers and reinforcing metal
sheets, connected by vulcanization of the elastomeric compound, and a lead central core. In
case of a fire, this compound can suffer permanent damage which can seriously compromise
the functionality of the isolation system. This study is focused on the assessment of the fire ef-
fect on the elastomeric isolators and the quantification of their loss of efficiency after a fire
event.

At this purpose, a case study of an existing r.c. structure with multi-storey frames was ana-
lysed, for which, after a seismic vulnerability assessment, two possible interventions with
seismic isolation were designed. The evaluation of the isolator thermal response for 30 and
60 minutes of exposure to the ISO 834 standard fire curve was used for quantify the damage
induced by the fire in terms of degradation of vertical and horizontal stiffness and vertical
load-bearing of the isolators. This damage level was defined starting from the thermomechan-
ical properties of the elastomeric layer damaged by fire which, in particular, reached tem-
peratures greater than a critical temperature threshold (70, 200 and 320°C). The estimated
degradation was used to evaluate the seismic performance of both isolators and structure in
different design configurations, also in a multi-risk scenario that foresee the occurrence of a
seismic event after a fire. Finally, in order to mitigate the fire effect on the elastomeric isola-
tors, the effectiveness of a passive fire protection system consisting of plasterboard gypsum
boxes was evaluated, ensuring that the critical temperature of 70°C on the outer surface of
the isolator was not exceeded even after 60 minutes of exposure to standard fire.
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1 INTRODUCTION

Earthquakes are among the most dangerous natural disasters, with loss of human lives, a
large number of structural damages and socio-economic costs. As it is not possible to prevent
earthquakes from occurring, designers have to focus on mitigating their consequences. This
goal can be achieved by both increasing the structural capacity and ductility or decreasing the
seismic demand of the structure. This latter solution can be reached by using the base isola-
tion, reducing seismic induced damage. Indeed, the design of seismic isolation is a topic of
great interest and it is considered a consolidated technique in the field of seismic protection of
structures. However, during the nominal life of the structure, it is important to also consider
the possibility that an extreme event like fire, as consequence of a main seismic event, can
occur, compromising the seismic isolation system functionality and making it more vulnera-
ble to the seismic action of an after-shock. Nowadays, the more widely used seismic isolators
are the steel reinforced elastomeric ones, that are devices composed by alternate layers of
elastomer and steel, connected through the vulcanization of the elastomeric compound [1].
Because of the high temperatures that can be reached during a fire event, the elastomer can
suffer not reversible damages, with a decay of the mechanical properties of isolators.

In scientific literature, only few studies concerning the evaluation of fire induced damage
of seismic isolators and the estimation of their mechanical properties degradation are availa-
ble. In [2], the authors deal with the analysis of the thermo-mechanical behaviour of polychlo-
roprene elastomeric isolators during a fire, proponing a model able to reproduce the behaviour
of the elastomer. Based on test results, the authors set at the temperature of 320°C the onset of
degradation with a significant decrease of density and, consequently, by the loss of structural
integrity of the material. The model is validated comparing the results of an experimental test
carried out on a specimen of elastomeric isolator with the results of a numerical simulation
analysis. The study shows a good agreement between the results. In [3], the authors tested
eight seismic elastomeric isolators, both in natural rubber (NRB) and with a lead core (LRB),
with and without fire protection. The isolators are exposed to the standard fire curve ISO834
in order to evaluate the effects of the vertical load and fire duration on their collapse mecha-
nisms and residual mechanical properties. In particular, the experimental results show that (i)
the duration of fire exposure has an important effect on the decay of the mechanical properties
of the isolators; (ii) the vertical load does not affect the residual mechanical properties and the
fire resistance; (iii) the proposed passive protection system prevents an important decay of the
mechanical properties of elastomeric isolators in case of fire. After 30 min of fire exposure,
the mechanical properties of LRB and NRB isolators have a decay lower than 10%, while af-
ter 60 min the vertical stiffness of LRB isolators and their mechanical properties dependent by
the lead core (yielding stress and cyclic energy dissipation) do not have significant variations.
A more significant variation can be observed on the mechanical properties dependent by the
rubber. A decrease of about 36% of the post-elastic stiffness, an increase of 20% of the equiv-
alent damping ratio and a decrease of about 20% of the equivalent lateral stiffness are ob-
served. For NRB isolators, the vertical and lateral stiffness decrease of 27% and 62%,
respectively. With fire protection, the seismic isolators do not suffer significant changes, even
after 3 hours of fire exposure, with a reduction of the mechanical properties lower than 8%. In
[4], the authors evaluate the degradation of the mechanical properties of HDLRB (High-
Damping-Laminated-Rubber Bearings) and LRB (Lead-Rubber Bearings) isolators based on
the temperature distribution inside them, obtained with numerical analyses. As in the method
of isotherm 500°C, proposed by EN1992-1-2 [5] for the evaluation of the residual properties
of reinforced concrete cross sections damaged by fire, the authors propose the method of iso-
therm 200°C, to evaluate the reduction of the mechanical properties of the isolators damaged
by fire. In this method, the residual cross section of HDLRB and LRB isolators is obtained,
neglecting the elastomer with temperatures higher than the vulcanization threshold.
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All the studies proposed in literature are mainly focused on the behavior of the single isola-
tor, neglecting the behavior of the whole base-isolated structure. Furthermore, the topic of the
residual seismic capacity of isolators after a fire event is very important, but a lack of
knowledge and uncertainties exist. Therefore, the paper aims at evaluating the behavior of
elastomeric isolators before and after a fire event and the consequences that their damage can
have on the whole structural behavior.

2 EVALUATION OF SEISMIC AND FIRE ACTIONS

In this section, the methodology used to evaluate the seismic risk occurring after a fire
event of existing seismically isolated buildings was introduced. In particular, (i) the method-
ology used for the evaluation of the seismic vulnerability of the structure, (ii) the criteria used
for the design of the seismic isolation system and (iii) the methodology used to take into ac-
count the fire risk is shown.

2.1 Design of the seismic isolation system

To design the seismic isolation system for an existing structure, the first step is the assess-
ment of its seismic vulnerability. In this paper, the evaluation of the seismic vulnerability is
performed through response spectrum linear dynamic analyses. The response spectrum used is
related to a life-safety limit state (SLV according to Italian Technical Code for Constructions
- NTC2018 [6],[7]), with reference to the specific site conditions, reduced by a behavior fac-
tor g=1.5 (cautionary value, typical for existing structures designed for vertical loads only).
NTC2018 provides response spectra and a seismic design approach very similar to EN1998
[8], but considering the specific seismic hazard of Italy. The results of the seismic vulnerabil-
ity assessment are necessary for the design of seismic strengthening interventions, that, in
general, could include: a) reinforced concrete jacketing of beams and columns under the
seismic isolation interface, b) installation of elastomeric seismic isolators and sliding supports
(multi-directional structural bearings with confined elastomeric disc) on the top of the col-
umns, under the isolation interface. The installation of seismic isolators and sliding supports
can be realized following the operative phases shown in [9]. The seismic isolation system is
designed considering the elastic response spectrum corresponding to the Collapse Prevention
Limit State with a viscous equivalent damping of 15% for periods (T) greater than 0.8 Tiso,
with Tiso equal to the fundamental vibration period of the seismically isolated structure [6].
So, knowing the total mass of the structure Mo and assuming a “target” design period of the
seismically isolated structure (defined on basis of the seismic vulnerability assessment and on
the desired reduction of spectral acceleration), from the equation:

Tiso = 2 [
Kigt,iso (1)

it is possible to calculate the “target” stiffness of the whole isolation system, as:

4’ M
Ktot iso — 2 ot
Tiso (2)
and the “target” stiffness related to the single isolator, as:
_ Kiotiso
KESO'E B Niso (3)

in which njs, 1s the number of isolators.

The layout in the plan of seismic isolators and sliding supports is defined trying to mini-
mize as much as possible the eccentricity between the effective stiffness and mass centers at
the isolation interface (e.g. 3% of the plan dimensions of the building in the two directions
[6]). Once the isolation system is designed, a further evaluation of the structural seismic per-
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formances is performed, to check the safety of the seismic isolators in terms of loads, stresses,
displacements, and deformability (see [7]).

2.2 Assessment of fire damage

To quantify the fire damage of seismic isolators, the degradation of mechanical properties,
such as horizontal stiffness Ky, vertical stiffness Kv and load-bearing capacity have to be
evaluated. This evaluation can be conducted using a methodology similar to the one proposed
in the EN1992-1-2 [5], for verifying the fire resistance of reinforced concrete elements,
named “500°C isotherm method”. In particular, the methodology considers a reduced cross-
section in the calculation of load bearing capacity, neglecting all the concrete that has reached
temperatures greater than 500°C. The remaining concrete cross-section maintains its initial
strength and stiffness values. Imagining to "adapt" this approach to elastomeric seismic isola-
tors, the first problem is to establish a unique critical temperature threshold, since few and dif-
ferent information are provided in scientific literature. This temperature seems to be related to
chemical phenomena that occur inside the elastomeric compound when it is exposed to ele-
vated temperatures, so it could be obtained only by experimental tests. At this purpose Traxl
et al. [2] stated that the temperature of 320 °C can be considered as an upper bound for the
estimation of the residual material stiffness, since, above that temperature, the degradation
process starts, with a significant decrease of density and integrity of the material. Mazza [4]
suggested a more conservative temperature threshold of 200 °C, equal to the temperature of
vulcanization between rubber layers and steel plates. The rubber aging behavior must be in-
vestigated by performing accelerated aging, according to ISO 18[9] , conditioning the sample
at 70°C for a certain period linked to the compound type. Therefore also 70°C was chosen as
temperature threshold value[10]. In conclusion, in this study, the assessment of fire damage of
seismic elastomeric isolators is conducted with reference to critical temperature thresholds of
70, 200 and 320 °C. The behaviour of elastomeric isolators is characterized by two main geo-
metric parameters, defined as following (see Figure 1):

- S1=A4’/L = D’/4t, called primary shape factor, defined as the ratio between the sur-
face A’ in common between the single layer of the elastomer and the steel sheet, and
the free lateral surface L of the single layer of elastomer;

- 82= D'/, called secondary shape factor, defined as the ratio between the plan dimen-
sion D' of the single steel plate and the total thickness of the elastomer layers z..

The first one (S1) affects the vertical stiffness Ky of the isolator (controlling the rubber con-
finement), while the second one (S.) is related to the possible occurrence of instability phe-
nomena. For the calculation of Ky, only the area of the steel plate layer is considered (A’)
because the outer lateral layer of unconfined elastomer provides a negligible contribution to

the bearing capacity against vertical loads.

t tym (variable)

rubber,lat

|
t

L 5 ]
Figure 1. — Geometry of isolators.
Given the vertical stiffness of the elastomer single layer:

E'C*Af
}(Vi ::__E;_ (4)
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the vertical stiffness K, of the isolator can be calculated considering each single layer in series,

as:
1

T I (%)
The axial compressibility modulus E. depends on the type of elastomeric compound (dy-
namic shear modulus of the elastomer Guin) and the primary shape factor S;, and it can be

evaluated [7]:
B 1 4\t
Ee= (madinmsf + 3*51,) ©)

Ky

where E) is the volumetric modulus of the rubber, which can be assumed equal to 2000 MPa
if a direct measure is not available [7].
The horizontal stiffness of the isolator can be obtained from:

Gain * A
= (7
[
where Guin, A and t. are the equivalent dynamic shear modulus, the gross cross-section and the
total thickness of the elastomer, respectively. All these illustrated aspects were considered in
this work for evaluation of the isolator mechanical properties degradation (horizontal Ky and
vertical Ky stiffnesses) induced by the fire. In particular, this degradation depends on two

Ky

main parameters such as the critical temperature threshold @crit and the time of exposure to
fire, t. In the equation (7) there is a direct dependence of the stiffness Ku on the cross-section
A and so on the diameter D. Therefore, assuming that the mechanical properties of the rubber
(Gudin, Eb) and the geometric characteristics of the isolator (te, ti) do not change due to fire, an
effective area reduced by the fire can be evaluated on the basis of thermal damage.

For the residual horizontal stiffness calculation, a diameter Dfinal,i was considered:

Dfinai!,i(gcribt) = D -2+ tdam,i (8)

In (8) Laam,i is the fire damaged isolator portion, variable with the thermal field induced by
fire in the isolator, corresponding to the external portion of isolator with temeperature greater
the fixed threshold (8 > 0 crit) . For the calculation of the residual vertical stiffness, a diameter
D’final,i was considered:

D}'inal,i('gcr’it! t) = D' —2+ (tdam,i - tr'u.bberlat.) ff Laam = Crubberlat.
D}iinalri(gcrit’t) =D If taam < trubber lat.
where tgam(fcrit, t) is the damaged portion and trubber lat represents the rubber lateral layer
which has a thickness of 10 mm and is inserted for protecting the layer of elastomer and steel
plates (see Figure 1). The second equation of (9) is verified if the damaged portion tgam is less
than the outer lateral layer of unconfined elastomer (trubber 1at), Which, as also said before, is not
considered for the vertical stiffness calculation. So, in this case the vertical stiffness is not af-

fected by fire damage. Since the value D’fina affect the calculation of Sy and Ec , in case of fire,
each layer “i” has a different value of S; and Ec, according to the damage state of the layer.

)

Therefore, the post-fire stiffness Ky (&erit, t) can be obtained from the equation (10), replac-
ing “A” with “Acffective”, Obtained as the mean of the effective area of each elastomeric layer
Aeftective,i with a diameter Dsina. While A’ has to be replaced with A’cffective,i in the equation
(7) for calculating the vertical post-fire stiffness of the single layer Kvi (Ocrit, t). Finally, the
equations of the reduction factors for horizontal (own) and vertical (oxy) stiffnesses, for the
three critical temperature thresholds, can be expressed as following:
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KH (gcm'b t)

1249 (Qcm'b t) = W (10)
KV (Gc;ih t)
Ay (Oripy ) = Ky o (11)

where Ku(Ocrit, ) and Kv(0Ocrit, ) are the post-fire stiffnesses obtained for a certain critical
temperature threshold at the time t of fire exposure, while Kuo and Kv are the initial stiff-
nesses at t=0 min. Considering the load-bearing capacity of the isolators F,q at the ULS, the

residual load-bearing capacity F.a(crit,t) due to the effect of fire can be estimated as:
de (an’tr t) = de * aeff (Qcm’tJ t) (12)

where @err (Ocrie: ) is the effective area obtained as:
A (6 ity t)
aé‘ff(gcrit: t) = —_ AC” (13)
To use the reduction factors of the ULS conditions is a precautionary choice, indeed in
case of fire these factors are considered equal to one [9].

3 APPLICATION TO A CASE STUDY

The methodology shown in the previous sections was applied to a reinforced concrete ex-
isting building. In particular, the results of the seismic vulnerability assessment and the seis-
mic strengthening intervention are described in detail. Moreover, the effect of the fire on the
seismic isolation intervention is considered, proposing possible design measures that could be
used in practice to consider seismic and fire risk in a combined approach.

3.1 Case study description

The case study refers to an existing building made of reinforced concrete frames. The
structure, built in 50s, has one underground floor and four floors above ground (total height of
19.80 m) and has a rectangular shape plan with dimensions 30 m x 12 m.

The building, designed for vertical loads only and without seismic requirements, has main
frames in the direction of the longer side of the plan; the slabs, made in reinforced brick con-
crete, are mainly oriented in the direction of the shorter side of the building. There are not
connecting beams between the main frames, except for the basement floor. In Figure 2, a typ-
ical floor carpentry of the building is represented.

29.75

P1421 P1122 P1123 P1124 P1125 P1126 P1y27 P1128 P1129

Y

Pif1 X P12 P13 Pit-4 P1}S P16 P17 P1}-8 P19 PIEID
3.78 355 310 355 2.70 3.55 3.10 3.40 3.03 _‘

Figure 2 — Typical floor with numbering of columns and dimension of beams
The dimensions of the beams cross section are the following:
- 50x40 cm, 40x40 cm and 25x40 cm for the basement floor;
- 45x30 cm, 40x40 cm and 20x50 c¢m for the first floor;
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- 40x30 cm, 40x40 cm, 30x50 cm and 15x45 cm for intermediate floors;
- 40x45 cm, 40x40 cm, 30x40 cm and 15x35 cm at the last floor.

The dimensions of the columns cross sections are shown in Table 1 and each column is in-
dicated as Px-y, where x indicates the floor number, while y the number of the column (see
Figure 2). The mechanical properties of the materials were defined based on the results of
some destructive and non-destructive tests performed on the structural members, which al-
lowed defining the following mean resistances: fcnm =27 MPa and fym = 337 MPa for concrete
and rebar steel respectively.

3.2 Seismic vulnerability analysis for existing structure

A seismic vulnerability analysis of the case study building was performed, following the
approach previously described in section 2.1. The numerical analyses were carried out with
the software SAP2000 [12]. The structure was modelled through “frame” elements, while the
infinitely rigid behaviour of the floors was modelled through the introduction of “dia-
phragms” constraints. Figure 3 shows a 3D view of the numerical model.

Table 1 — Cross sections of columns

Floor Column 8 13!

[em]  [cm]

1,10,21,29 65 50

Basement | 23:4:56,7.89,22.232425262728 70 50

11,20 50 85

12,13,14,15,16,17,18,19 50 50

1,10,21,29 50 50

Ground 2,3,4,5,6,7,8,9,22,23,2425,26,27,28 30 50

floor 11,20 30 50

12,13,14,15,16,17,18,19 40 40

1,10,21,29 50 50

Floors 2,3,4,5,6,7,8,9,22,23,2425,26,27,28 30 45

1,23 11,20 30 50

12,13,14,15,16,17,18,19 35 30

1,10,21,29 50 50

Fourth 2,3,4,5,6,7,8,9,22,23,24,25.26,27,28 30 45

. o floor 11,20 3050
Figure 3 — Structural model of the building. 12,13,14,15,16,17,18,19 3030

Based on the internal forces obtained through the numerical analyses, the safety checks of
structural elements were conducted. Table 2 shows the maximum values of the ratio De-
mand/Capacity (D/C) obtained for beams and columns. The design strength of the materials
are defined on the basis of the average values and assuming a Full Knowledge Level (LC3
according to [6], confidence factor CF=1.0), also thanks to the availability of the original de-
sign drawings and the large number of in-situ inspections performed on the structure. For
shear safety checks (brittle failures) the resistances of the materials were also divided by the
partial safety coefficients (y. = 1.5 for concrete and ys = 1.15 for rebar steel).

Table 2 — Current state: safety checks of beams and columns

Check Combination  (D/C)max
Beams ULS 1.72
Bending Seismic 3.55
Beams ULS 0.74
Shear Seismic 0.94
Columns ULS 0.93
Combined Axial Load/Bending Seismic 3.14
Columns ULS 0.59
Shear Seismic 1.70

Based on the results of the seismic vulnerability evaluation of the structure in its current
configuration, a seismic strengthening intervention, which consists of a seismic isolation sys-
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tem and the reinforced concrete jacketing of some beams and columns, was designed. More
details on the intervention are shown in the following sections.

3.3 Seismic strengthening of the structure

The intervention of seismic isolation includes also the realization, under the isolation inter-
face, of stiffening connecting beams with cross section 40x40 cm (second span in the short
direction of the building, see Figure 2). These beams, that connect the columns of the central
frame (columns 12, 13, 14, 16, 17, 18, 19) and those of one of the external frames (columns
22,23, 24, 25, 26, 27 and 28), are intended to provide a greater stiffness of the isolation inter-
face in its own plane. The reinforced concrete jacketing of the beams leads to the increasing
of the section dimensions, in particular the sections 50x40 become 60x60, the sections 25x40
become 35x60 and the ones 40x40 increase up to 50x60. Furthermore, it provides the addition
of 2-3 bars of diameter 16 or 20 mm, for both positive and negative bending. The reinforced
concrete jacketing of the columns at the first level provides a thickness of 10 cm of concrete
class C40/50 on all the sides of the existing cross section, in order to guarantee an adequate
cover for new rebars (diameter 16 mm). Concerning the stirrups, rebars of 10 mm diameter
spaced of 10 cm are provided, based on the prescriptions of Italian NTC2018 [6] for DC “B”
(low ductility class). In particular, the existing columns of cross section 65x50 become 85x70,
the ones 50x85 become 70x105, the ones 70x50 become 90x70 and, finally, those 50x50 be-
come 70x70. The cross sections of the jacketed columns were modelled discerning the consti-
tutive laws of existing concrete (fom = 27 MPa) and new one (fok = 40 MPa, f.q = 23 MPa) as
well as the constitutive laws of existing bars (fym = 337 MPa) and new ones (fyx = 450 MPa,
fya = 391 MPa). For concrete a parable-rectangle constitutive law was used (with ultimate de-
formation equal to 3.5%o), while for steel an elasto-plastic constitutive law was considered.
The Figure 4 shows elastic response spectra at the Collapse Limit State (SLC according to [6])
in terms of acceleration and displacement. In the figure, the fundamental vibration periods of
the structure with and without seismic isolation are also shown: T; refers to the fundamental
period of the existing structure, while Tis, is the target period used for the design of the seis-
mic isolation system. In Table 3, the values of spectral accelerations and displacements corre-
sponding to the periods Ti e Tis, are listed. The isolation system, designed to obtain an
increase of the fundamental period from 1.49s to 3.0s, is able to decrease the elastic demand
in terms of acceleration of 77% and increase that in terms of displacement of 4% (at the SLC).

Table 3 — Spectral accelerations and displacements at the SLC before and after seismic isolation
Existing structure | “Isolated” structure
g 5% &iso 15 %
Ti 1.49s Tiso 30s
Sae(T1) 0.13g | Sae(Tis)) 0.03 g
Sae1(T1) 7.41 cm | Sge1 (Tise) 7.74 cm

Assuming a target period of the isolated structure equal to 3.0s, given the total mass of the
building Mot = 1843.95 ton, the global stiffness of the isolation system was obtained:

Kooriso = oot = #T1943% _ g0gg kN /m (14)

50
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0.60 T Sa/g [-] 16.00 T S, [em]
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! Tiso 1 ==="TJs 0.00 1 ' Tlsl
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Figure 4 — Elastic spectra at SLC: acceleration (a) and displacement (b)

Assuming two different design solutions that provide the installation of 10 or 20 elastomer-
ic isolators, the horizontal stiffness of each isolator will be equal to 0.81 kN/mm or 0.41
kN/mm, respectively. Table 4 shows the characteristics of the isolators (see Figure 5 for the
symbols meaning) for the two different solutions, labelled as “solution 10" and “solution 207,
respectively. Once defined the isolator typology, these were modelled in SAP2000 [13]
through two nodes links with a linear behaviour. The vertical and horizontal stiffness of the
links are those of the isolator, declared by the producer. The sliding supports, placed on the
columns where there are not isolators, are multi-directional confined elastomeric disc struc-
tural bearings with a vertical capacity of 1500 kN and displacement capacity of 200 mm.
They were also modelled with two nodes links characterized by a vertical stiffness only. The
link element allows the relative displacement between the two nodes, simulating the presence
of a sliding support.

Z Solution 10 Solution 20
f _' ‘_ A% 1150 kN 490 kN Vertical capacity in seismic conditions (CLS)
; I b | F.ra 4680 kN 2000 kN Vertical capacity at ULS
t & i \ K. 1.01 KN/mm 0.51 kKN/mm Equivalent horizontal stiffness
Sk h H K, 1246 kN/mm 519 kN/mm Vertical stiffness
tst teo D 400 mm 350 mm Diameter of the isolator
' t. 50 mm 75 mm Total thickness of rubber
11 I h 108 mm 143 mm Height of the isolator neglecting steel plates
D' H 158 mm 193 mm Height of the isolator including steel plates
- D . v/ 450 mm 400 mm Dimension of the anchor plates
w 140 kg 118 kg Weight of the isolator
deap 100 mm 150 mm Displacement capacity
Gayn 0.4 MPa 0.4 MPa Dynamic shear modulus of rubber (soft compound)
Figure 5. — Seismic isolator (tsanch Table 4 — Properties of the seismic isolators

is the thickness of anchor plates and
tso is the thickness of vulcanized steel
plates).

The Figure 6 shows the layout in plan of seismic isolators and sliding supports for the two
design hypotheses. The eccentricities between mass centre and effective stiffness centre at the
isolation interface is equal to 9 cm in the direction of the long side of the building and 3 cm in
the direction of the short side for “solution 10, while it is equal to 3 cm in both directions for
“solution 20”. For both the design hypotheses, 3 modes are sufficient to activate more than
85% of the total mass of the building. The three modes have the following periods: 2.97s,
2.82 s and 1.78s for “solution 10” and 2.96s, 2.81s and 1.61 for “solution 20, respectively.
The isolators are steel reinforced elastomeric ones [14], having a low horizontal stiffness (in
order to guarantee the decoupling of the horizontal motion of the structure from the ground
one), a very high vertical stiffness (in order to sustain vertical loads without settlements). The
geometrical properties of the isolators (global dimensions, thickness of the layers...), as well
as the mechanical properties of the elastomer, are the main factors for the definition of verti-
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cal and horizontal stiffness. The isolators used in this study are identified through the abbrevi-
ations SI-S 400/50 (maximum horizontal displacement of 100 mm), used in “solution 107,
and SI-S 350/75 (maximum horizontal displacement of 150 mm), used in “solution 20”. The
elastomeric isolators SI-S 400/50 and SI-S 350/75 have a circular plan shape with diameter
equal to 400 and 350 mmm, respectively, and they are realized with soft elastomeric com-
pound (equivalent dynamic shear modulus Ggin = 0,4 MPa). The total thickness of elastomeric
layers, te, is equal to 50 mm for SI-S 400/50 and 75 mm for SI-S 350/75, respectively. In Ta-
ble 5 the geometrical dimensions of the two isolators are shown.

'_[___ e LT R LR B A T T =3 e e e

(a) (b)
Figure 6 — Plan disposition of seismic isolators and sliding support for: a) solution 10 and b)
solution 20 (isolators in yellow, sliding supports in green)

Table 5 — Geometrical dimensions of the isolators

GEOMETRICAL DIMENSION SI-S 400/50 | SI-S 350/75
Diameter D 400 mm | 350 mm
Effective diameter D’ 380 mm | 330 mm
Thickness of the single elastomeric layer ti 5 mm 5 mm
Number of elastomeric layers n 10 15
Thickness of steel layers ts 2 mm | 2 mm
Thickness of vulcanized steel plates (sup/inf)  ty 20 mm | 20 mm
Thickness of anchor plates tanch 25 mm | 25 mm
Height of the isolator neglecting anchor plates  h 108 mm | 143 mm
Total height of the isolator H 158 mm | 193 mm
Dimension of anchor plates (sup/inf) Y4 450 mm | 400 mm

Table 6 shows the results of the safety checks of structural elements (beams and columns),
that were performed for the Life Safety Limit State (SLV) assuming a behaviour factor g=1.5
(as suggested in [6]). With reference to the maximum ratios D/C it can be observed that: the
safety checks of the beams are satisfied for the fundamental combination at ULS and for
seismic combinations; the safety checks of the columns are all satisfied for vertical loads
combined at the ULS (maximum D/C equal to 0.88 for combined axial load-bending and 0.61
for shear) and for seismic combinations (maximum D/C equal to 0.69 for ductile mechanisms
and 0.59 for brittle mechanisms). Table 7 shows the results of the safety checks for seismic
isolated building considering the two proposed solutions. For the safety check of the maxi-
mum displacement, the capacity values suggested by the producer are considered.

Table 6 — Strengthened structure: safety checks of beams and columns
Solution 10 Solution 20

Check Combination (D/C) D/
Beams ULS 0.98 1.00
Bending Seism 0.82 0.84
Beams ULS 0.69 0.68
Shear Seism 0.59 0.59
Columns ULS 0.86 0.88
Axial load - Bending Seism 0.91 0.93
Columns ULS 0.59 0.61
Shear Seism 0.57 0.59

Table 7 — Strengthened structure: safety checks of seismic isolators (sec. C.11.9.7 Circ. NTC2018)
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Solution 10 Solution 20

Check D/ D/
Check of the maximum stress in steel plates 0.19 0.26
Check of the total shear strain 0.72 0.86
Check of the buckling load 0.33 0.90
Check of the maximum displacement 0.74 0.49

3.4 Evaluation of the fire vulnerability of the structure

The thermal response of the elastomeric isolators was evaluated with reference to the
standard ISO 834 fire curve, using the finite element software SAFIR [15]. In particular, the
isolator with a portion of concrete column below and above (70 cm width and 20 cm height),
was modelled in order to best reproduce the heat conduction phenomena. Indeed, the portion
of the columns below the isolators is bigger, in order to give to the substructure greater
strength and stiffness. These reinforced concrete jacketings dimension varied from 70 cm to
105 cm and the most critical case, from the heating transmission point of view, is related to
the minimum dimension of column’s side. The thermal properties of steel and concrete are
considered variable with temperature, according to EN1991-1-2 [12]. The rubber was mod-
elled as a user defined material, with the following thermal properties: thermal conductivity A
= 0,27 W/MKk; specific heat cp = 1400 J/kgK; density p = 1270 kg/m>. These values were ob-
tained from experimental tests on elastomeric isolators [14] and they are assumed constant
with temperature. The entire model (isolator and portions of column) was heated on the lateral
side by the standard ISO834 fire curve for 60 min. Figure 7 shows the trend of temperatures
during 60 min of fire exposure, in some points placed at half height of each isolator.
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Figure 7 - Temperatures at half isolator height: (a)SI-S 400/50; (b) SI-S 350/75

The outer rubber layer (10 mm thick) that covers the alternating rubber-steel layers acts as
a fire protection; indeed, a significant temperature difference between the point at x=0 mm
(outer surface of the isolator) and the point at x=10 mm is obtained. The graphs show that in
all the points considered the temperature exceeds 100 °C after 60 min of fire exposure.

Figure 8 shows that the temperatures reached in the middle height of the isolator are the
lowest, while moving away from the isolator centre, the temperatures increase due to the
presence of the steel end plates. Therefore, relating the isolator damage to the temperature dis-
tribution, the damage it is not uniform and it is greater near to the rubber-layers at the steel
vulcanized end plates. In this work, the fire assessment of damage isolators is carried out with
the standard ISO834 fire curve.
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Figure 8 — Temperature evolution along central vertical axis (x = D/2):(a)SI-S 400/50 and (b)
SI-S 350/75.

In particular, based on the performed thermal analyses, the thickness of the fire damaged
isolator was defined using thermal fields at 30 and 60 min of fire exposure. The damaged
zone is defined by the portion of isolator that reaches temperatures above a certain critical
temperature threshold (or critical isotherm) at a certain time of fire exposure. In order to asso-
ciate the isolator damage to the exceeding of the critical temperature threshold, each layer of
elastomer has to be investigated, since the temperature distribution in the isolator is not uni-
form. Therefore, starting from the thermal fields at 30 and 60 min of fire exposure, for each
isolator and for each critical temperature threshold, the damaged portion "tqam" of the single
layer has been defined as the portion of elastomer characterized by temperatures 6>0ci.. Fig-
ure 9 shows, for the three thresholds of critical temperature (70°C, 200 °C and 320 °C), the
reduction factors of horizontal axn and vertical oxy stiffnesses at 30 and 60 min of exposure to
standard fire.
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Figure 9 — Reduction factor of horizontal axi and vertical axy stiffness for (a) SI-S 350/75 and
(b) SI-S 400/50 elastomeric isolators.

Furthermore, Figure 9 shows that the critical temperature equal to 70°C is particularly re-
strictive, indeed it causes a significant reduction of both horizontal stiffness (-79% for SI-S
400/50 isolator and -84% for SI-S 350/75 isolator) and vertical one (-97% for SI-S 400/50
isolator and -98% for SI-S 350/75 isolator) after only 30 min of exposure to the standard fire
curve. In this case, in order to design an adequate passive fire protection system, depending
on the fire resistance requirement, the temperature has to be maintained below 70°C. Consid-
ering a critical threshold temperature of 320°C, a minimum reduction (-10%) in horizontal
stiffness is observed after 60 min of exposure to the standard fire curve for both the isolators,
while no reduction of the vertical stiffness is observed, because the temperature threshold is
exceeded only in the lateral rubber layer. An intermediate situation occurs with a critical tem-
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perature threshold of 200 °C, in which there is no much degradation of mechanical properties
after 30 min of fire exposure. On the contrary, after 60 min the horizontal stiffness of SI-S
350/75 isolator is halved, causing a significant damage of it. Therefore, also in this case, to
design a passive fire protection system is necessary, in order to guarantee, after 60 min of fire
exposure, that the temperature inside the isolator remains below 200°C.

3.5 Assessment of load bearing capacity after fire

In order to verify the residual load bearing capacity of the isolators, a comparison with the
loads acting on them, derived from the superstructure, was necessary. Therefore, the ULS axi-
al forces acting on the isolators were derived from the SAP2000 model, updating for each
case of (Bcrit, 1) the stiffness parameters of the elastomeric isolators damaged by fire; the max-
imum axial force is considered for the isolator safety check. The tables with the results of the
safety checks performed for both the isolators are reported below. The results are expressed in
terms of ratio between the demand, D, and the capacity, C. In particular, Table 8 refers to the
case in which the full stiffness of sliding supports is considered, while Table 9 contains the
results obtained assuming a reduction of the vertical stiffness of sliding supports equal to that
assumed for elastomeric isolators. In case of Ocrit = 320 °C and Ocrit =200 °C, both the isola-
tors don’t exhibit load bearing capacity problems, indeed the resistance Fzd is greater than the
acting vertical force, NSLU. If the critical temperature is equal to 70°C, after 30 minutes of
exposure to the standard fire curve, the isolator SI-S 350/75 is unable to bear the vertical loads
from the structure, requiring fire protection.

Table 8 — SLU load-bearing capacity safety check
Sliding support with stiffness degradation | Sliding support without stiffness degradation

SI-S 400/50 SI-S 350/75 SI-S 400/50 SI-S 350/75
) F.a Nsw Fa Nsw Faa Nsw F.a Nsw
b ] 01 (cy (o) PC)cy ) PC [ () PC ) @ PC
o) f fmin | (kN] (KN] () [KN) RN (1 [ RN]ORN) [ | KN]OIKRN] [

0 | 4680 1297 028 | 2000 1332 0.67 4630 1297 028 | 2000 1332 0.67
70 | 30 | 1091 574 053] 359 849 237 1091 1193 109 | 359 1174 327
60 - - - - - - - - - - -
0 | 4680 1297 028 | 2000 1332 0.67 4680 1297 028 | 2000 1332 067
200 | 30 | 4680 1297 028 | 2000 1332 0.67 4680 1297 028 | 2000 1332  0.67
60 | 2505 1162 046 | 1063 909 0.86 2505 1279 051 | 1063 1170 1.10
0 | 4680 1297 028 | 2000 1332 0.67 4680 1297 028 | 2000 1332 067
320 | 30 | 4680 1297 028 | 2000 1332 0.67 4680 1297 028 | 2000 1332  0.67
60 | 4680 1297 028 | 2000 1332 0.67 4680 1297 028 | 2000 1332  0.67

3.6 Fire protection system for seismic isolators

The assessment of the fire effects on seismic protection systems is a relevant topic for dif-
ferent aspects and problems. For example, a localised fire involving a limited number of elas-
tomeric isolators, may causes problems for vertical loads due to differential displacements of
the isolation system generated by vertical stiffness degradation. In addition, the horizontal
stiffness degradation can lead to not satisfying the designing assumption in which the centre
of mass and stiffness must be, as far as possible, coincident. Furthermore, a localized degrada-
tion could cause a displacement of the stiffness centre, generating an eccentricity that can
cause additional torsional effects on structural elements. Since it is difficult to experimentally
characterize the thermo-mechanical properties of the seismic isolators, the conservative as-
sumption of Ocrit =70°C was adopted in this work and a fire protection system of the isolators
was considered to reduce the fire induced damages. In particular, a protective box of 25 mm
thick gypsum plasterboards with a variable thermal conductivity (see Table 10) was consid-
ered (see Figure 10).
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Table 9 — thermal properties of gypsum plasterboard

A c p

[°C]  [W/MK] [J/kg°C] [kg/m’]
| 20 0.20 800 800
N J —d Gypsum plasterboard 65 0.80 800 800
_ protective box 70 0.80 5000 800
= ‘ 0 03 w500
1 L | 102 0.35 5500 800
. ) | 126 0.35 10000 800
140 0.12 10000 800
150 0.12 3050 800
370 0.12 3050 800
600 0.20 3050 800
1200 0.20 3050 800

Figure 10 — Protective box installation.

The designed fire protection system ensures that the critical temperature of 70 °C on the outer
surface of the isolator is not exceeded after 60 min of fire exposure to the standard fire curve.
Therefore, the isolators do not suffer any reduction in mechanical properties and the isolation
system maintains its effectiveness

4 CONCLUSIONS

The paper shows the methodology to assess the seismic vulnerability after fire of buildings
seismically isolated at the base. The methodology was applied to an existing multi-storey re-
inforced concrete building by considering two retrofit interventions with seismic base isola-
tion. The thermal field in seismic isolators after 30 and 60 minutes of exposure to the standard
fire curve ISO834 was assessed to estimate the degradation of vertical and horizontal stiffness
and load bearing capacity of the isolators. This degradation was estimated based on the ther-
momechanical properties of the elastomer layer damaged by fire, considering the portion of
isolator that achieve temperatures higher than a certain threshold (70, 200 or 320 °C).

The results of the analyses show that:

- the experimental characterization of the behaviour of the elastomer at high temperatures
would allow to evaluate with greater accuracy the need for a passive fire protection sys-
tem, that should guarantee, according to the fire resistance requirement, that the critical
temperature threshold crit is not exceeded;

- for both the cases Ociit= 320 °C and 0.it = 200 °C, the isolators do not show any problem
in terms of load-bearing capacity;

- the case Oic= 70 °C is the most severe, since after 30 min of exposure to fire the isolator
SI-S 350/75 is not able to sustain the vertical loads due to the superstructure, and requires
a fire protection system.

- apassive fire protection system consisting of a protective box made of plasterboards pan-
els, with an “L” section, guarantees that the critical temperature of 70 °C is not exceeded
on the external surface of the isolator after 60 minutes of exposure to the standard
ISO834 fire curve and, therefore, that isolators do not suffer any reduction of mechanical
properties.

The stiffness degradation is uniform due to the assumption of generalized fire. Is likely that
localized degradation in case of localized fire change the position of the stiffness centre and
this can cause additional torsional effects, which we did not consider. Moreover, in order to
evaluate the static and seismic behaviour after fire of base isolated structures, in which the
isolation system typically consists of both isolators and sliding supports, also the thermal deg-
radation of the sliding supports must be considered. The ratios between the vertical loads on
isolators and sliding supports before and after fire, varying the critical temperature threshold
and taking into account or not the degradation of the sliding supports, show that:
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the vertical loads on the isolators reduce and consequently those in the sliding supports
increase;

the redistribution of the vertical loads on isolators and sliding supports is greater when
the stiffness degradation of the sliding supports is not considered,

assuming an equal degradation of all the seismic isolators, the more numerous are the iso-
lators with respect to the sliding supports, the more the redistribution of vertical loads is
high;

the solution with more sliding supports is more efficient after a fire event.

The approach herein shown could be extended, in future, to fire scenarios with temperature
curves different from the nominal standard curve. Moreover, localized fire scenarios could be
considered, in order to take into account the effects of differential displacements that may oc-
cur when the degradation of seismic isolation devices is not homogeneous.
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